Background: Cumulatively, evidences revealed that fenofibrate used in the therapy of hyperlipidemia and hypercholesterolemia has anti-cancer effect in multiple cancer types. However, its function and underlying mechanism of chemosensitization in breast cancer remain poorly understood.
Introduction
Globally, human breast cancer is the second cause of cancer-correlated mortality in females. 1 In China, breast cancer alone accounts for ~15% of all new cancers in women, mostly aged 30-59 years. 2 Chemotherapy is effective in decreasing the measure of the primary cancer in neoadjuvant setting; however, it not only causes adverse effects in breast cancer patients, but also inevitably induces apoptosis resistance. 3 Therefore, a better understanding of the theory and mechanism of chemoresistance is of great value to exploit novel therapeutic strategy to improve prognosis.
Resistance mechanism by which breast cancer escapes drug-induced cell death has been ascribed to variations in the apoptosis pathway. 4 The key apoptotic regulators frequently inhibited by the AKT/NF-κB pathway in breast cancer, which blocks the activity of pro-apoptosis, are Bax, Bok, and Bim. 5, 6 Thus, it is necessary to investigate the molecular mechanisms of AKT/NF-κB pathway, which is responsible for apoptosis resistance, and to identify potential sensitizers that are competent of inhibiting apoptosis resistance.
Increasingly, evidences showed that fenofibrate, which was utilized in the therapy of hyperlipidemia and hypercholesterolemia, has anti-cancer effects on endometrial cancer, prostate cancer, triple-negative breast cancer, oral cancer, pancreatic cancer, and lung cancer, but only few studies have reported its effect on chemosensitivity of breast cancer. [7] [8] [9] [10] [11] [12] [13] Researchers found that fenofibrate alone resulted in decreasing the semaphorin 6B gene expression in breast cancer, 14 arresting G1 phase in human glioblastoma cells, 15 but the detailed mechanisms by which fenofibrate sensitizes breast cancer cells to chemotherapy.
In the present study, we investigated the sensitization effects of fenofibrate on several anti-cancer agents including paclitaxel, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), ABT-737, and doxorubicin in breast cancer cells and provided insight into the molecular mechanisms of the action on fenofibrate-potentiated chemosensitivity.
Materials and methods cell culture
The human breast cancer cell lines MDA-MB-231 and SKBR3 were purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% FBS (Hyclone; GE Healthcare Life Sciences, Uppsala, Sweden), 100 U/mL penicillin (Thermo Fisher Scientific), and 100 g/mL streptomycin (Thermo Fisher Scientific). All cell lines were cultured in a humidified incubator in an atmosphere of 5% (v/v) CO 2 at 37°C.
cell viability assay
Fenofibrate, paclitaxel, TRAIL, ABT-737, and doxorubicin alone or in combination were tested in vitro for cytotoxicity against breast cancer cell lines in 96-well plates using the MTT assay to determine the cell viability. In short, cells were seeded in 96-well plates and incubated with different concentrations of fenofibrate, paclitaxel, TRAIL, ABT-737, and doxorubicin alone or in combination for indicated times. First, the medium was discarded, and then 50 µL of MTT solution (1 mg/mL in PBS) was added to each well and the plate was incubated at 37°C for additional 4 hours. Then, 150 µL of dimethylsulfoxide was added to dissolve the formazan crystals. Finally, the absorbance of each sample was read at 570 nm using a microplate reader (Molecular Devices LLC, Sunnyvale, CA, USA).
Apoptotic assay by flow cytometry
Flow cytometry was used to assess externalization by fluorescein isothiocyanate (FITC)-labeled Annexin-V and propidium iodide (PI). Briefly, human breast cancer cells were collected after treatment and washed with ice-cold PBS before staining in 500 µL solution containing Annexin-V-FITC in dark at 4°C. After that, PI was added and incubated for 5 minutes at room temperature. Soon afterwards, the fluorescent signal in the cells was detected by flow cytometry (FACS Calibur; BD Biosciences, San Jose, CA, USA). Data analysis was performed by the software WinMDI 2.9 (The Scripps Research Institute, La Jolla, CA, USA).
Mitochondrial membrane potential change assay
5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) staining was used to detect the mitochondrial membrane potential change. Human breast cancer cells were seeded in cell culture dish and incubated with various concentrations of fenofibrate, paclitaxel, TRAIL, ABT-737, and doxorubicin alone or in combination for 24 hours. Then, the cells were harvested, washed by PBS, and resuspended in JC-1 staining solution (10 µM) at room temperature for 10 minutes. After that, the cells were detected by a FACSCanto flow cytometer (BD, Franklin Lakes, NJ, USA).
rna isolation and reverse transcriptionquantitative Pcr (rT-qPcr) 
Western blotting
Subsequent to the treatment indicated, the cells were lysed in lysis buffer (2.1 µg/mL aprotinin, 0.5 µg/mL leupeptin, 4.9 mM MgCl 2 , 1 mM orthovanadate, 1% Triton X 100, and 1 mM phenylmethylsulfonyl fluoride). The protein concentration was determined using a bicinchoninic acid assay. Subsequent to electrophoresis on a 12% or 15% SDS-PAGE gel, proteins were transferred onto polyvinylidene difluoride membranes. The membranes were blocked with 5% non-fat milk and incubated with primary antibodies at 4°C overnight. The corresponding horseradish peroxidase (HRP)-conjugated secondary antibody was added and incubated at room temperature for 2 hours. Signals were visualized using an enhanced chemiluminescence reaction with an HRP substrate. The primary antibodies against PARP, caspase-3, caspase-9, Mcl-1, Bcl-2, Bim, Bcl-xl, Bok, Bnip3, Bax, AKT, p-AKT, NF-κB, p-NF-κB, and histone 3 were purchased from Cell Signaling Technologies (Beverly, MA, USA). The antibody against β-actin was purchased from Sigma-Aldrich Co. (St Louis, MO, USA).
statistical analysis
All data are expressed as mean ± SD from at least three separate experiments. All statistical analyses were performed using GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical significance was determined using a two-sided Student's t-test for all data. For statistical analysis, P,0.05 was considered to indicate a statistically significant difference.
Results
Cytotoxicity of fenofibrate, paclitaxel, Trail, aBT-737, and doxorubicin on human breast cancer cells
To determine whether fenofibrate could suppress human breast cancer or not, two human breast cancer cell lines and paclitaxel, TRAIL, ABT-737, and doxorubicin were obtained, and the cytotoxicity was evaluated using MTT assay. The results revealed that fenofibrate slightly inhibited SKBR3 cell growth, but significantly suppressed MDA-MB-231 cell growth ( Figure 1A ). The IC50 of fenofibrate in MDA-MB-231 cells is .100 µM for 24 hours and 79.42±6.25 µM for 48 hours. The IC50 of fenofibrate in SKBR3 cells is .100 µM for both 24 and 48 hours. In addition, cell Table 1 The sequences of primers used in real-time Pcr
Gene Sequences

Mcl-1
Forward: 5′-cacccTcacgccagacTccc-3′
reverse: 5′-ccccgaccaacTccagcagc-3′
Bcl-2
Forward: 5′-ggcaTcTTcTccTcccagccc-3′
reverse: 5′-cTcccccagTTcaccccgTc-3′
Bim Forward: 5′-cTTTTgcTaccagaTccccg-3′
reverse: 5′-TaaacTcgTcTccaaTacgcc-3′
Bcl-xl
Forward: 5′-TgcgTggaaagcgTagacaa-3′
reverse: 5′-aagagTgagcccagcagaacc-3′
Bok Forward: 5′-ccgcTcgcccacagacaagg-3′
reverse: 5′-caTcggTcaccacaggcTcaga-3′
Bnip3
Forward: 5′-gaaaaTaTTccccccaaggagT-3′
reverse: 5′-TggTggaggTTgTcagacgc-3′
Bax Forward: 5′-aTggacgggTccggggagcagccca-3′
reverse: 5′-TgggcTgcTccccggacccgTccaT-3′
GAPDH Forward: 5′-aTggggaaggTgaaggTcggagTca-3′
reverse: 5′-TgacTccgaccTTcaccTTccccaT-3′ 
Fenofibrate potentiates chemosensitivity of human breast cancer by modulating apoptosis
Next, we examined whether combined treatment of fenofibrate and paclitaxel, TRAIL, ABT-737, and doxorubicin exerts enhanced lethality in human breast cancer cell lines. After co-treatment with indicated concentrations of fenofibrate and paclitaxel, TRAIL, ABT-737, and doxorubicin for 24 hours, MTT assay was performed. Interestingly, combination of fenofibrate and paclitaxel, TRAIL, ABT-737, and doxorubicin dramatically inhibits the cell growth in both human breast cancer cell lines SKBR3 and MDA-MB-231 (Figure 2A and D).
To confirm whether the sensitization effect of fenofibrate involves apoptosis induction, SKBR3 and MDA-MB-231 cells were subjected to flow cytometry analysis after cells were treated with fenofibrate, paclitaxel, TRAIL, and ABT-737, alone or in combination. As shown in Figure 2B Figure 2G and H). These results suggest that fenofibrate potentiates chemosensitivity to human breast cancer cell via inducing apoptosis.
initiation of intrinsic apoptotic pathway in the sensitization effect of fenofibrate on aBT-737, Trail, and paclitaxel in human breast cancer cells
Here, the underlying mechanisms of the sensitization effect of fenofibrate in breast cancer cells were further elucidated. Our observation indicated that PARP is cleaved in fenofibrate-and-TRAIL-and paclitaxel-treated SKBR3 cells and fenofibrate-and-TRAIL-and ABT-737-treated MDA-MB-231 cells ( Figure 3A) which supported that the apoptosis is indeed involved in fenofibrate-and-TRAIL-, paclitaxel-, and ABT-737-induced cell death. We further examined the cleavage of caspases, and as shown in Figure 3A , co-treatment with fenofibrate and TRAIL, paclitaxel, and ABT-737 in SKBR3 and MDA-MB-231 cells significantly increased the cleavage of caspase-3 and caspase-9 (caspase-8 was not detected and the data not shown). Therefore, the effect of fenofibrate and ABT-737, TRAIL, and paclitaxel on mitochondrial outer membrane potential (MOMP) was determined by JC-1 staining and flow cytometry experiment. As shown in Figure 4 , the disruption of MOMP induced by fenofibrate and ABT-737, TRAIL, and paclitaxel was significantly increased. After co-treatment with 25 Previous studies have shown that fenofibrate inhibits mTORp70S6K signaling, regulates autophagy and endoplasmic reticulum stress in human prostate cancer cells, and induces apoptosis of triple-negative breast cancer cells via activation of NF-κB pathway. [8] [9] [10] However, the role of fenofibrate in human breast cancer is still ambiguous. At first, we evaluated the effect of fenofibrate on Bcl-2 family proteins expression by Western blotting. Surprisingly, as shown in Figure 3B , treatment with fenofibrate dramatically inhibited the protein level of Mcl-1 and Bcl-xl and increased the protein level of Bok and Bax in SKBR3 and MDA-MB-231 cells.
To draw the conclusion whether fenofibrate-mediated decrease of Mcl-1 and Bcl-xl and increase of Bok and Bax in human breast cancer cells was at the transcriptional level, RT-PCR was used to identify the effects of fenofibrate on the mRNA level of Bcl-2 family proteins. It was found that fenofibrate repressed transcription level of Mcl-1 and Bcl-xl and activated transcription level of Bok and Bax in SKBR3 and MDA-MB-231 cells ( Figure 3C ), suggesting that fenofibrate-mediated Mcl-1 and Bcl-xl decrease and Bok and Bax increase was likely at the transcriptional level.
Fenofibrate potentiated the apoptosis induced by anti-cancer drugs in human breast cancer cells via inhibiting the activation of aKT/nF-κB pathway AKT/NF-κB pathway is important for the balance between cell survival and apoptosis. 16, 17 To determine whether AKT/NF-κB signaling pathways are involved in fenofibrateinduced apoptosis, we checked phosphorylated AKT/NF-κB by Western blotting ( Figure 5A ). Fenofibrate treatment significantly decreased the level of phosphorylated AKT and NF-κB p65, but did not change the total levels of AKT and NF-κB p65 in SKBR3 and MDA-MB-231 cells. As shown in Figure 5B , after treatment of indicated concentration of fenofibrate, nuclear p65 decreased and cytosolic p65 increased both in a dose-dependent manner for 24 hours in MDA-MB-231 cells. These observations indicate that AKT/ NF-κB pathway might be a potential target by which fenofibrate can potentiate human breast cancer cells to paclitaxel, TRAIL, ABT-737, and doxorubicin. To further confirm whether fenofibrate enhances the apoptosis-induced ability of paclitaxel, TRAIL, and ABT-737 via AKT/NF-κB pathway, MDA-MB-231 cells were pretreated with 50 µM imiquimod, an NF-κB agonist, to activate NF-κB pathway. After pretreatment, MDA-MB-231 cells were co-treated with 25 µM fenofibrate and 1 µg/mL ABT-737 for 24 hours. As shown in Figure  5C , phosphorylation of NF-κB p65 is highly activated in MDA-MB-231 cells treated with imiquimod compared with its control cells. More importantly, high level of phosphorylated NF-κB p65 significantly induced by imiquimod effectively attenuates the apoptosis mediated by the combination of fenofibrate and ABT-737 ( Figure 5D ). Taken together, fenofibrate sensitizes human breast cancer cells to paclitaxel, TRAIL, ABT-737, and doxorubicin at least partially through inhibiting the activation of AKT/NF-κB signaling pathway.
Discussion
Chemoresistance is one of the most important challenges in cancer treatment and believed to be a main reason for cancer therapy failure, and multiple mechanisms are reported to take part in the development of drug resistance in cancer cells. In addition to Bcl-2 family mentioned above, the abnormal regulation of cell cycle could also mediate the drug resistance in multiple cancer types. 18 Furthermore, it was reported that mitochondrial reactive oxygen species play an important role in cancer drug resistance. 19 As a key tumor suppressor, P53 exerts a pivotal role in protecting from malignancies. However, overexpression of mutated p53 is frequently associated with resistance to several anti-cancer drugs, including cisplatin, temozolomide, doxorubicin, gemcitabine, tamoxifen, and EGFR-inhibitors (such as cetuximab). 20 Although tremendous progress has been made to help us to understand the underlying mechanism of drug resistance of cancer cells, 
MDA-MB-231
Relative levels of mRNAs (normalized by GAPDH) it is still urgent to find novel and more effective sensitizer for chemotherapy.
As an important therapy of hyperlipidemia and hypercholesterolemia, fenofibrate is recently studied in anti-tumor effects in multiple cancer types. 10, 13, [21] [22] [23] Its anti-tumor functions such as suppression of cancer cell growth, 12 restraining cancer cell metastasis 24 and inhibiting carcinogenesis, 25 inducing cell-cycle arrest and apoptosis by suppression of Bcl-2, and AKT phosphorylation in prostate cancer 26 were discovered during recent years. More recently, fenofibrate was reported to overcome the drug resistance of human prostate cancer cells in a peroxisome proliferator-activated receptor alpha/reactive oxygen species-independent manner. 27 However, to date, the function and underlying mechanism of fenofibrate-enhanced chemosensitivity in other cancers have not been well documented, particularly in breast cancer.
The current study attempted to illustrate the role and the underlying mechanism of fenofibrate in the drug susceptibility in human breast cancer. First, the present study verified that fenofibrate inhibited human breast cancer cell growth in a dose-and time-dependent manner. In addition, MTT assay results were also validated by flow cytometry assay with Annexin-V/PI staining. We further illuminated the subcytotoxic level of fenofibrate-sensitized paclitaxel, TRAIL, and ABT-737 on human breast cancer cells by inducing apoptosis. These results suggested that fenofibrate modulates apoptotic pathway which results in an increase in cell sensitivity to paclitaxel-, TRAIL-, and ABT-737-mediated signaling.
Next, since cleavage of caspases and PARP are hallmarks of activation of the apoptosis pathway, we used Western blotting to check the result of cleaved caspase-3, caspase-9, and PARP, which were upregulated in the SKBR3 and MDA-MB-231 cells co-treated with fenofibrate and paclitaxel, TRAIL, as well as ABT-737. Moreover, the augment of pro-apoptosis Bcl-2 family members, such as Bok and Bax, and decrease of pro-survival Bcl-2 family members, such ∆ ψ ∆ ψ Figure 4 The intrinsic apoptotic pathway is initiated in the sensitization effect of fenofibrate on ABT-737, TRAIL, and paclitaxel in human breast cancer cells. Notes: sKBr3 (A) and MDa-MB-231 (B) cells were treated as mentioned in Figure 2 . After treatment, the cells were stained with JC-1 and subjected to flow cytometry assay to detect the mitochondrial outer membrane permeabilization. Data are presented as mean ± sD, n=3. **P,0.01 vs control. Abbreviations: Trail, tumor necrosis factor-related apoptosis-inducing ligand; Jc-1, 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbocyanine iodide; FenO, fenofibrate; PAC, paclitaxel.
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sun et al as Mcl-1 and Bcl-xl, resulted in apoptosis by the activation of caspase-9 and caspase-3. [28] [29] [30] However, in the present study, we detected notable reduction of Mcl-1 and Bcl-xl and activation of Bok and Bax but no significant changes in Bim, Bnip3, and Bcl-2. Thus, we consider downregulation of Mcl-1 and Bcl-xl as well as upregulation of Bok and Bax is an important cause of the augmentation of paclitaxel-, TRAIL-, and ABT-737-induced apoptosis mediated by fenofibrate.
Finally, we investigated the activation of AKT/NF-κB pathway under fenofibrate treatment, since the serinethreonine kinase AKT is best known as a regulator of cell proliferation and survival. 31 It is well known that NF-κB has two-way regulation effects on cell apoptosis. 32 Our study demonstrated that the level of phosphorylated AKT and NF-κB p65 was reduced by fenofibrate in SKBR3 and MDA-MB-231 cells. Moreover, imiquimod induced phosphorylated NF-κB p65 expression significantly and reversed the apoptosis mediated by the combination of fenofibrate and ABT-737. Thus, these data obviously confirm that fenofibrate potentiates chemosensitivity of human breast cancer cell to paclitaxel, TRAIL, ABT-737, and doxorubicin by suppressing phosphorylated NF-κB p65 at least partially.
Conclusion
Although other downstream target genes of fenofibrate may also take part in modulating apoptosis, the present data demonstrated that fenofibrate could potentiate chemosensitivity to human breast cancer by suppressing the activation of AKT/NF-κB p65 signaling pathway at least partially, which served a prominent function as an activator in apoptosis by downregulating Mcl-1 and Bcl-xl and upregulating Bok and Bax. Therefore, the results of the present study prove that fenofibrate with paclitaxel, TRAIL, ABT-737, and doxorubicin therapies may turn out to be effective new strategies for the treatment of chemo-resistant human breast cancer.
Data availability
All data for this study are presented in this published article. 
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